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Abstract 
Biogas is considered a potential, renewable fuel to be used as a hydrogen source. At present, a steam reforming is 
widely used process in hydrogen production, but it needs to be operated at high temperature to achieve high hydrogen 
yield. Because biogas consists of mostly CO2, the hydrogen purification of a reformate gas obtained is another 
important issue, especially for fuel cell applications. In this study, an enhanced-adsorption steam reforming process in 
which steam reforming reaction and CO2 adsorption are occurred in a single unit is investigated. A thermodynamic 
analysis is performed to study effects of important operating parameters on hydrogen yield and product distribution. 
It is found that a biogas processor should be operated at high temperatures and inlet steam-to-methane ratio. The 
content of CO in the reformate gas increases with increased operating temperature. The steam reforming of biogas 
coupled with a CO2 adsorption gives a higher hydrogen product with considerable low CO content, compared to the 
conventional steam reforming of biogas.  
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1. Introduction 
Presently, hydrogen economic and fuel cell technology have been received much attention due to 
increases in power demand and environmental awareness. A proton exchange membrane fuel cell 
(PEMFC) is the type of fuel cell developed for power generation in portable and stationery applications. 
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Although PEMFC provides high power density and fast start-up and shutdown operation, it requires pure 
hydrogen fuel with low CO content; catalysts used in PEMFC are sensitive to carbon monoxide. Thus, a 
clean-up process is included in a hydrogen production to reduce the fraction of CO [1].      
Most hydrogen is produced from fossil fuels that are the limited energy resources. Biogas is one of the 
alternative and renewable fuels for hydrogen production and its use can reduce the emission of 
greenhouse gases into the environment [2]. In general, biogas is derived from an anaerobic digestion or 
fermentation of any biodegradable organics, such as, sewage, municipal waste and green waste. Thus, it 
can be a promising energy source in rural areas. Among the various processes to produce hydrogen, a 
steam reforming process is widely used in an industrial scale [3]. Because of its endothermic nature, the 
steam reforming requires a high-temperature operation to get high hydrogen yield.  As known that CH4 
and CO2 are the major components of biogas, the presence of CO2 can dilute a hydrogen product gas 
obtained from the reformer, affecting the electrical efficiency of fuel cells.  
To improve a hydrogen production process, a sorption-enhanced reforming process has been a topic of 
interest due to its simplicity and less energy demand. In this process, CO2 adsorbent is added into the 
steam reformer. Udomsirichakorn et al. [4] showed that the use of CaO as the CO2 adsorbent in the 
biomass gasifier can enhance H2 yield and reduce the amount of CO2 in the gaseous product. The aim of 
this study is to analyze the biogas steam reforming with and without the presence of CO2 adsorption. 
Model of the biogas steam reformer is developed using a thermodynamic approach. Effects of key 
operating parameters on H2 yield are investigated. For the biogas reformer coupled with the CO2 
adsorption, the influence of a CO2 removal fraction on the product composition is considered.  
2. Steam reforming of biogas  
Main reactions occur in the steam reforming of biogas are steam reforming, dry reforming and water 
gas shift reactions, as shown below:  
Steam reforming reaction:  4 2 2CH  + H O CO+ 3Hl          298H 206.2 kJ/mol'                (1)  
Water gas shift reaction:     2 2 2CO + H O CO  + Hl          298H 41 kJ/mol'                           (2)  
Dry reforming reaction:      4 2 2CH + CO 2CO + 2Hl           298H 247.9 kJ/mol'                     (3)                 
When steam is highly present in the reforming process, the dry reforming is less pronounced and can be 
neglected. In this study, biogas reforming systems with and without the presence of CO2 adsorption are 
thermodynamically analyzed based on a stoichiometric approach. For the sorption-enhanced steam 
reforming, CO2 adsorbent, which is used to remove undesired CO2 from the reaction zone, is mixed with 
reforming catalysts in the reformer. The removal of CO2 depends on the fraction of carbon dioxide that is 
removed  by adsorption. The molar flow rates  of each component in the reformate gas can be  determined  
Table 1. Flow rate of products from the biogas steam reforming  
Component   Flow rate of products from the biogas steam reforming (mol/s) 
without CO2 adsorbent with CO2 adsorbent 
CH4 4CH 1a x  4CH 1a x  
CO2 2CO 2a x  2 2CO 2 CO 2( ) ( )a x f a x    
H2O 1 2b x x   1 2b x x   
H2 1 23x x  1 23x x  
CO 1 2x x  1 2x x  
Total  
4 2CH CO 1 2
2 2a a b x x     
4 2 2CH CO 1 CO 2
2 ( )a a b x f a x      
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Table 2. Comparison of equilibrium model prediction with the data of Avraam et al. [5]  
T (K) CH4 (%) CO (%) CO2 (%) H2 (%) 
Model Experiment  Model Experiment  Model Experiment  Model Experiment  
1023 0.18 0.2 24.75 24.8 16.89 17.0 58.18 58.0 
1073 0.04 0 25.99 26.0 16.02 16.0 57.94 58.1 
 
as shown in Table 1. It is noted that aCH4, aCO2 
and b represent the inlet molar flow rate of methane, 
carbon dioxide and water, respectively, f is the fraction of carbon dioxide removed by adsorption and x1 
and x2 are the extent of reactions (1)-(2), respectively. The equilibrium constants of all the reactions can 
be determined form the Van’t Hoff equation. Nonlinear equations explaining changes in the reactant and 
product compositions in the reformer at the equilibrium condition are solved using MATLAB solver. To 
ensure its reliability, the model of the biogas steam reforming was verified with the results of Avraam et 
al. [5]. Biogas consisting of 50 %CH4 and 50 %CO2 is introduced to the steam reformer run at steam-to-
carbon ratio (S/C) of 2 and pressure of 1 bar. Table 2 compares the prediction results and experimental 
data; a good agreement is observed.  
3. Results and discussion  
3.1 Biogas steam reforming without CO2 adsorption  
For all case studies, the composition of biogas is specified at 60 vol% CH4 and 40 vol.% CO2. Biogas 
at the molar flow rate of 1 mol/s is fed into the steam reformer operated under atmospheric pressure. 
Effects of operating temperatures and inlet S/C ratio on the equilibrium compositions of reformate gas 
obtained from the biogas steam reforming process without the presence of CO2 adsorption are presented 
in Fig. 1. The molar flow rates of CH4 and steam decrease as the reforming reaction favors at high 
temperatures (Fig. 1(a)). A decrease of CO2 is also observed at a high-temperature operation because the 
reverse water gas shift reaction is more pronounced. Fig. 1(b) shows that an increase in the S/C ratio has a 
positive effect on the generated hydrogen because excess steam can drive the equilibrium-limited steam 
reforming and water gas shift reactions to the product side. This factor decreases the amount of CO in the 
reforming process. It is observed that the addition of more steam (S/C ratio higher than four) has a slight 
effect on H2 product, but dilute the produced reformate gas. 
 
 (a)                                                                    (b)                                                                 (c) 
            
Fig. 1. Effect of temperatures (S/C ratio of 3) (a) and S/C ratio (temperature of 973 K) (b) on the gaseous product distribution and 
(c) effect of the fraction of CO2 removal on the biogas steam reforming process 
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It is to note that a hydrogen fuel for PEMFC should has CO as low as possible. To reduce the loading 
of CO pretreating units (e.g., water gas shift and preferential oxidation reactors), adding more steam to 
the stem reformer may be a possible option. However, a dilution effect of hydrogen in the hydrogen fuel 
caused by the addition of more steam should be taken into account as it will affect the performance of fuel 
cells. Moreover, high energy is also required to produce steam.  
3.2 Biogas steam reforming with CO2 adsorption  
In this section, the influence of a CO2 removal from the steam reforming of biogas using CO2 
adsorbent on the production of hydrogen is investigated.  Fig. 1(c) demonstrates effect of the fraction of 
CO2 removal on the equilibrium composition of the reformate gas obtained from the steam reformer. As 
seen in Fig. 1(c), a hydrogen product increases when more CO2 is removed from the reaction zone. 
Although the fraction of CO2 removal slightly affects the production of hydrogen, it substantially impacts 
a decrease of CO and CO2 in the steam reforming process. The reduction of CO is the result of the 
increased water gas shift reaction. When the fraction of CO2 removal is 0.9, the CO content in the 
reformate gas can be reduced to 71.7%, compared with the conventional steam reforming of biogas. The 
advantage of the adsorption-enhanced steam reforming is to obtain high pure hydrogen. However, the 
produced reformate gas still has the CO concentration higher than a desired specification for PEMFC 
operation and thus, a clean-up process to remove the remaining CO is needed. 
4. Conclusions  
The thermodynamic analysis of biogas steam reforming process with and without CO2 adsorption was 
presented in this study. The important operating parameters, i.e., temperature and inlet S/C ratio, on the 
equilibrium composition of gaseous products were investigated. The results showed that H2 product from 
the biogas steam reforming increases with increased operating temperatures and S/C ratio. The increase of 
reforming temperatures causes more CO generated. Regarding the adsorption-enhanced steam reforming 
of biogas, the production of H2 is enhanced and in addition, a reduction of CO is clearly observed, 
especially when the fraction of CO2 removal increases. 
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